Serum response factor (SRF) was identified as an activity binding upon serum stimulation of HeLa cells to a motif known as the serum response element in the c-fos promoter. This element is also found in the regulatory regions of many muscle-specific genes. We have characterized srf expression during early zebrafish embryogenesis. In addition to low-level expression in many or even all cells, elevated levels of srf RNA and protein are transiently expressed in skeletal muscle lineages during their differentiation.
Results
Serum response factor (SRF; Treisman, 1986) has been invoked in myogenesis of various vertebrate species where it appears to integrate numerous stimuli into a transcriptional activation of muscle genes (Mohun et al., 1991; Croissant et al., 1996; Browning et al., 1998; Carnac et al., 1998) . Interfering with SRF function by using dominant negative SRF variants or interfering antibodies blocks differentiation of cultured myogenic cells (Vandromme et al., 1992; Croissant et al., 1996) . Targeted inactivation of the mouse SRF gene leads to early embryonic lethality due to a gastrulation defect, precluding an examination of the role of SRF in mouse myogenesis in vivo (Arsenian et al., 1998) .
To isolate a cDNA from zebrafish we performed PCR on a gastrula cDNA library with degenerate primers directed against the conserved region of the MADS box of SRF. The cloned amplificate contained a sequence related to previously identified SRF proteins and was used to screen 400 000 plaques of the gastrula cDNA library. A single positive phage was isolated. Sequencing on both strands revealed a 1114 bp insert (Accession no. AJ011112) containing a major open reading frame of 247 amino acids. Further rounds of screening a postsomitogenesis stage cDNA library by conventional and PCR approaches failed to identify additional cDNA clones.
The predicted zebrafish SRF protein is highly similar to the full-length human (Norman et al., 1988) , mouse (Belaguli et al., 1997) and Xenopus (Mohun et al., 1991) SRFs, as well as to the partially characterized chick protein (Croissant et al., 1996) and to Drosophila SRF (Affolter et al., 1994) in the MADS-box region (Fig. 1) . The highly conserved C-terminus of the vertebrate SRFs is not present in the isolated cDNA. Nevertheless, we assume that also the zebrafish protein posesses a C-terminus similar to that of other vertebrate SRFs since an antiserum directed against the C-terminus of human SRF stains essentially the same tissues as an srf RNA probe (cf. below). The Xenopus and mouse SRF genes (Mohun et al., 1991; Belaguli et al., 1997) contain an intron in the vicinity of the C-terminal amino acids of the zebrafish sequence. Therefore, the isolated cDNA might be derived from an unspliced mRNA.
Similarly to the other studied species we found by RT-PCR (not shown) low amounts of srf transcripts in zygotes. This indicates that srf mRNA is provided maternally to the embryo and SRF may be involved in very early embryonic processes conserved throughout evolution. We studied the spatial expression pattern of srf during embryogenesis by in situ hybridization and immunohistochemistry using an antiserum directed against the C-terminus of human SRF (Fig.  2) . Prior to somitogenesis, srf transcripts are distributed uniformly throughout the embryo (not shown). A low level of uniform staining persists at all later stages. At 26 hpf, staining by in situ hybridization is reproducibly observed in the brain but appears diffuse and is not found in antibody stainings (data not shown).
Elevated srf expression is detected in differentiating skeletal muscle cells. Proteins of the myocyte enhancer factor 2 (MEF2) family can cooperate with myogenic bHLH proteins of the MyoD family in the control of skeletal myogenesis (Black et al., 1998 and references therein). MEF2 proteins contain MADS domains through which they bind to similar DNA sites as SRF does (Schwarz-Sommer et al., 1990) . We investigated the distribution of srf transcripts in comparison to myoD (Weinberg et al., 1996) and mef2D, which is expressed earliest of the three zebrafish mef2 genes (Ticho et al., 1996) . srf and mef2D transcripts colocalize at all times. myoD, however, is expressed earlier during somite formation, indicating that it may control myogenic differentiation steps upstream of srf and mef2 genes. Prominent srf expression is detected in the adaxial cells from the bud stage on (Fig. 2A,D) . During midsomitogenesis, the somites transiently express high srf levels, peaking around 22 hpf. At 25 hpf, antibody stainings reveal that as the somites mature, SRF-positive nuclei change their location from a central position to a position close to the transversal myosepta (Fig. 2M) . By 26 hpf, the region of the horizontal myoseptum no longer expresses high srf levels. Notably, this is where the adaxial cell-derived muscle pioneer cells are localized; at this stage of development, they are differentiated showing striation ( Fig. 2G-M ; also Felsenfeld et al., 1991; Devoto et al., 1996) . Subsequently, transcript levels drop also in the other cells of the somites and at 50 hpf no elevated somitic srf transcription is detected. However, new domains of high-level srf expression are detected in eye and jaw muscles, on the surface of the dorsal pericardium and in the fin buds (Fig. 2N-S) .
These results are in good agreement with data published on human, mouse, chicken and Xenopus SRF. A notable difference of the srf expression pattern to that of its mouse and chicken homologs is that SRF is clearly expressed in the heart and in vascular smooth muscle of amniotes (Croissant et al., 1996; Belaguli et al., 1997) . While expression of zebrafish srf was detected both in precursors for fast and slow (Devoto et al., 1996) skeletal muscles, srf was not detected in the early heart or in the vascular musculature. Similarly to the differences in srf expression between zebrafish and amniotes, the mef2 genes of mouse and zebrafish also differ in their expression programs in embryonic and cardiac muscle (Ticho et al., 1996) . Recently, data have accumulated suggesting a large-scale genome duplication during fish evolution (Spaniol et al., 1996; Postlethwait et al., 1998) . Even if a second srf gene existed in the zebrafish genome we presumably should have been able to detect its product in early cardiomyocytes by the antibody directed against human SRF.
Methods
An amplificate of a conserved region of the MADS box was obtained with degenerate PCR primers (GTIAA A / G A-TIAA A / G ATGGA A / G T A / T C / T ATIGA and GTIATCATIGG C / T TGIA A / G C / T TT) using phages of an amplified gastrula stage cDNA library as template (prepared by R. Riggleman and K. Helde, a gift from D. Grunwald). Forty PCR cycles with annealing at 45°C yielded a product of the correct size that was cloned, sequenced and used to isolate an srf cDNA from embryonic zebrafish cDNA libraries.
In situ hybridization was performed according to Hauptmann and Gerster (1994) using a srf probe in which 131 nucleotides just downstream of the putative splice site were deleted. myoD and mef2D probes were as described (Ticho et al., 1996; Weinberg et al., 1996) . Hybridization temperature was 65°C. No crosshybridization with other known MADS genes has to be anticipated since the highest degree of nucleotide identity in the MADS domain between srf and mef2D is 63% over a stretch of 93 nucleotides. Antibody stainings of acetone-treated embryos were performed using antibody SRF (G-20) (Santa Cruz Biotechnology) with washes in 1 mg/ml BSA, 1% DMSO, 0.3% Triton X-100 in PBS.
